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Abstract

The Sun would be subject to a significant variation of orbital motion about
the solar system barycentre if a small planet is orbiting at a very large dis-
tance. This paper assesses if the Planet 9 hypothesis, the existence of a ninth
planet, is consistent with the planetary hypothesis: the synchronisation of
sunspot emergence to solar inertial motion (SIM) induced by the planets. We
show that SIM would be profoundly affected if Planet 9 exists and that the
hypothesised effect of SIM on sunspot emergence would be radically different
from the effect of SIM due to the existing eight planets. We compare the fre-
quency and time variation of Sun to barycentre distance, R, calculated for
both the eight and nine planet systems, with the frequency and time variation
of sunspot number (SSN). We show that including Planet 9 improves the co-
herence between R, and SSN in the decadal, centennial and millennial time
range. Additionally, as the variation of Ry is sensitive to the longitude and pe-
riod of Planet 9, it is possible to adjust both parameters to fit the variation of
R, to the SSN record and obtain new estimates of the period and present lon-
gitude of Planet 9. Finally, we develop the hypothesis that planetary induced
solar acceleration reduces meridional flow and consequently sunspot emer-
gence thereby providing an explanation for the observed coincidence of
grand solar minima with intervals of extreme solar acceleration.

Keywords

Planet 9 Hypothesis, Planetary Hypothesis, Solar Inertial Motion,
Reconstructed Sunspot Number, Phase Modulation of SSN, Future SSN
Events

1. Introduction

The discovery of Neptune in 1846 was facilitated by observations suggesting the
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orbit of Uranus was perturbed by an unknown planet. Subsequent calculations,
based on the perturbations, provided an estimate of Neptune’s location in the
sky and shortly after it was observed directly. Recent astronomical observations
of the orbits of several Kuiper Belt objects have led to the hypothesis that a ninth
planet, far more distant than Neptune, exists and is perturbing the orbits [1].
Calculations, based on the apparent clustering of the longitude of perihelion of
the objects, have provided estimates of the mass, semi major axis, eccentricity,
and inclination of the hypothetical planet, known as Planet 9, and an indication
that the current location of the planet is in the vicinity of Orion’s Shield. Planet 9
has not been directly observed and the hypothesis that it exists is controversial.
The absence of direct observation is due to the extreme difficulty of observing so
distant a planet with existing telescopes. However, the controversy arises mainly
from the fact that the hypothesis relies on the clustering in longitude of perihe-
lion of just six objects out of a much larger population of objects and may be the
result of selection bias [2]. Other than this clustering in longitude of perihelion
of a few objects the additional supporting evidence appears to be limited to an
apparent trend in the declination of Pluto over the past 20 years [3]. However,
the trend favours a planet either more massive or closer than the planet hy-
pothesised by [1] or possibly another planet, closer to Pluto, in addition to
Planet 9; a result that tends to increase rather than decrease the controversy.
Clearly, in the continuing absence of direct observation, e.g. [4]; other support-
ing evidence would be welcome.

A possible source of support for the Planet 9 hypothesis could come from the
planetary hypothesis [5]; that there is a causal link between the cycles of sunspot
number (SSN), such as the ~11 year Schwabe, ~88 year Gleissberg, ~1000 year
Eddy and the ~2400 year Hallstatt cycles and planetary motion. The planetary
hypothesis has been developed, with limited acceptance, e.g. [6]-[16]. The more
conventional view of the origin of cycles in SSN is that sunspot emergence is ir-
regular and is associated with the effect, on the solar dynamo, of random (sto-
chastic) hydro-magnetic flows in the convective zone of the Sun [17] [18]. The
origin of the cycles or quasi-cycles in sunspot emergence is controversial partly
due to the extended range of sunspot cycle periodicity. Examples of longer term
SSN cycles previously observed include cycles of ~60, ~88, ~104, ~150, ~208,
and ~506 year period in the centennial periodicity range [9] [19], and the ~1000
year Eddy and ~2400 year Hallstaat cycles in the millennial periodicity range
[13] [20] [21] [22]. Various theories have been proposed to account for this
range of periodicity in sunspot emergence: some theories are based on purely
interior mechanisms e.g. [23]-[29] and some theories are based on planetary
synchronised mechanisms e.g. [9] [16] [30]. All previous planetary synchronism
mechanisms have been based on the eight planet solar system. No study has in-
vestigated the possible effect of a distant ninth planet on planetary synchronised
sunspot emergence.

The planetary synchronism of sunspot emergence due to the cyclic motion of

Sun about the solar system barycentre, e.g. [6] [31] [32]; would be profoundly
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affected, in terms of periodicity and time variation, by a ninth planet. The simple
reason for this is that, as displacement of the Sun from the barycentre is propor-
tional to the product of planet mass and planet distance from the barycentre, a
very distant planet can have a large effect. Jose [6] calculated, for the years 1653
to 2060, the distance, R, between the Sun and the solar system barycentre for
the eight planet system and was able to show a reasonable correlation between
R, and the record of SSN available at that time, up to 1964, provided the SSN
was signed, Ze. each second cycle of SSN was given a negative sign. However,
comparison of the timing of SIM with the occurrence of more recent decadal so-
lar cycles proved unconvincing [7]. As a result subsequent studies of the connec-
tion between SIM and SSN shifted to comparisons of SIM with SSN on the cen-
tennial scale, specifically the occurrence of grand solar minima and maxima, e.g.
[7] [15] [33]. With eight planets, relating SIM to SSN on the centennial and mil-
lennial scale has proven problematic due to R; being essentially constant when
averaged over centennial and millennial time scales [7] [34]; a fact confirmed in
Figure 1 of this paper. Nevertheless, workers have been able to find the ~2400
year cycle in the patterns of SIM [7] [35], in differences in the ordered and dis-
ordered states of SIM [14] [32] [33], and in very small variations in the average

ellipticity of the solar orbit about the barycentre [13].
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Figure 1. (a) Ry R,y variation for m, = 0. (b) R/ Ry, variation for m, = 7mj The graphs

w

Re/Rsun

illustrate the transition from predominantly bi-decadal periodicity when m, = 0, to a
predominantly decadal periodicity when m, = 7m,. Also shown are running averages over
35 years that indicate that large centennial time scale minima occur in R,/ Ry, when m, =
7my; but insignificant centennial scale minima occur in R,/ Ry, for the m, = 0, the eight
planet system. Also indicated are the approximate times of occurrence of the Maunder,
Dalton, and Modern grand minima in sunspot number.
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In this paper we consider the possibility that relating SSN to SIM has proven
difficult because the calculation of SIM has not included the effect of Planet 9. If
Planet 9 exists, the projected mass, m,, is about seven Earth masses, and the pro-
jected semi-major axis is about 380 AU [1]. The displacement of the Sun from
the barycentre is proportional to the product m,r, where m, is the planet mass
and r;is the distance of the planet from the Sun. For Jupiter, m,= 318m;and r;
~ 5.2 AU and for the hypothesised Planet 9, m, ~ 7m,, and r, ~ 380 AU. The ra-
tio of the two displacements is 7 x 380/318 x 5.2 = 1.6. So even though Planet 9
is very distant and orbiting very slowly, the displacement of the Sun by Planet 9
will be larger than the displacement due to Jupiter. Therefore, it is perhaps
timely to consider if the inclusion of Planet 9 in calculations of SIM improves
the frequency and time relationship of SIM to solar activity. The corollary, that if
a nine planet formulation of SIM proves more consistent with the frequency and
time dependence of solar activity than the current eight planet formulation,
would in itself provide additional indirect evidence for the existence of Planet 9.

Section 2 of the paper briefly discusses the current knowledge of Planet 9 and
outlines the data sources and the simplified method of calculating the time
variation of the SIM used in the paper. Section 3 demonstrates that SIM with
Planet 9 included provides a better fit to the decadal variation in SSN than SIM
without Planet 9. Section 4 uses the observed SSN from 1610 to the present to
show that recent grand solar minima in SSN are associated with large decreases
in centennial scale averages of SIM. Section 5 demonstrates that, in the millen-
nium scale variation of SIM with Planet 9 included, several significant compo-
nents, the Hallstatt, Gleissberg, 60 and 30 year cycles, emerge and demonstrates
that these components are absent in SIM without Planet 9. Additionally, it is
shown that the low frequency spectral components of SIM are sensitive to the
orbital period of Planet 9 and, consequently, the orbital period of Planet 9 can be
tuned to fit the low frequency component of SIM to the Hallstatt cycle in solar
activity. Section 6 shows that the problem of the Jose cycle in SIM being absent
in SSN may be due to the phase modulation of the Jose cycle in the transforma-
tion from SIM to SSN. Section 7 introduces a mechanism for the influence of
SIM on meridional flow in the convective region of the Sun and, ultimately, the

influence of SIM on SSN. Section 8 is a conclusion.

2. Methods and Data Sources

2.1. Prior Evidence of Planet 9

Evidence for the existence of Planet 9 has been accumulating for about 20 years,
[36] [37] [38] [39] [40]. Analysis of the evidence, the anomalous orbits of some
Kuiper Belt objects, suggests the existence of a new planet of mass ~7 Earth
masses, in an orbit of eccentricity ~0.3 with a semi major axis of ~380 AU in-
clined at ~15 degrees to the ecliptic plane [1]. However, the parameter estimates,
based just on the anomalous clustering of a few distant objects, remain very un-

certain [1].
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2.2. Data Sources

Planet heliographic longitudes on January 01, 1965, were obtained from
https://omniweb.gsfc.nasa.gov/coho/helios/heli.html. Group sunspot numbers
1610 to 2015 [41], were obtained from
https://svalgaard.leif.org/research/gn-data.htm. Reconstructed SSN, —6755 to

1885, was obtained from
https://www2.mps.mpg.de/projects/sun-climate/data/SN_composite.txt.

2.3. Method of Calculating SIM with Planet 9 Included

In view of the limited accuracy of the orbital parameters of Planet 9 SIM is cal-
culated using a model where all the planets move about the Sun in circular orbits
in the ecliptic plane. This is a good approximation for the known planets that
have a significant effect on SIM, ie. Jupiter, Saturn, Uranus and Neptune, as the
orbits these planets are nearly circular and have low inclination to the ecliptic
plane. As shown in Figure 1, the SIM, calculated using circular orbits for the
eight known planets, is scarcely distinguishable from SIM calculated using exact
planet orbits based on ephemeris data [6] [32] [34] [42]. However using a circu-
lar orbit for Planet 9 is an approximation as its orbit is projected to be eccentric,
£~ 0.3, and inclined to the ecliptic, 7~ 15° [1]. Including eccentricity and incli-
nation of Planet 9 in the calculation of SIM would greatly increase the complex-
ity of the calculation [42], and is outside the scope of this paper. Spectral analysis
will be the major investigative tool in this paper and for basic spectral analysis
like FFT equal time intervals are essential. With circular orbits, as used in this
paper, equal time intervals occur naturally in the calculation of SIM whereas for
eccentric orbits equal angular intervals occur naturally and the conversion to the
equal time intervals required for FFT is complex. The orbital parameters of the

planets used in the calculation are given in Table 1.

Table 1. Parameters of the planets.

Planet Mass in mass Radius, Period, days 7; HGILong
Earth units, m, AU, 1, (years) 01/01/1965, L;
Jupiter 318 52 4332 (11.8) 340.2
Saturn 95 9.5 10,759 (29.4) 260.6
Venus 0.815 0.72 224.7 (0.615) 146.2
Earth 1 1 365.256 (1) 24.9
Neptune 17.15 30.07 60,195 (164.8) 152.6
Uranus 14.53 19.19 30,688 (84.0) 86.7
Mercury 0.055 0.387 87.969 (0.241) 85.2
Mars 0.107 1.524 687 (1.88) 63.8
Planet 9 7 380 2,700,000 (7400) 60 (fitted)
Sun 333,000
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The orbital period of Planet 9, 7, = 7400 years, is obtained from the value of
the semi-major axis, a, = 380 AU [1] and the use of Kepler’s 3rd Law, 7’/ =
constant. If 7'is measured in years and a is measured in AU, the constant = 1.

The time variation of the coordinates, (x,y;), of the ith planet relative to the

Sun as origin at (0,0) are calculated using

X =T cos(ot+¢) "
y; =rsin(ot+¢)

where r; is the orbital radius of the ith planet, the angular frequency w, = 21/ 7,

the phase angle in radians, ¢, = (n/180), and L; is the heliographic inertial lon-

gitude of the planet in degrees on January 01, 1965. The coordinates, (xpcp

Yocan)» Of the planetary centre of mass (PCM) relative to the Sun are given by
Xeom = 2, M X /D m,
Yoou = 2. /22m,
The distance between the Sun and the planetary centre of mass, 7, is given
by

)

2 2 W2
foom = (XPCM * Ypem ) 3)
The distance between the Sun and the barycentre, R, is

Re = focu [Zmi/(zmi + Myyn )] (4)

The Sun to barycentre distance is usually expressed as the ratio R,/ R, where
Ry is the radius of the Sun, 0.0046 AU.

3. Comparing the Decadal Variation of the SSN Record and
RB/Rsun

3.1. The Decadal Scale Variation of Rg/Rsun

Figure 1(a) shows the time variation of R,/ R, for the eight planet system, m, =
0, and Figure 1(b) shows R,/ R,y for the nine planet system when m, = 7m,
The most striking feature of Figure 1 is that the frequency of the cycles in
Ry Rg, has doubled when m, = 7m;. A second feature is that there is a signifi-
cant centennial scale variation, ~170 year in period, when m, = 7m, that is not
apparent when m, = 0.

Figure 2 compares the spectral content of the two variations of Ry R,y in
Figure 1. The spectrum of R,/ R, for the eight planet system, m, = 0, is domi-
nated by a component at period 19.5 years, with weaker components at 12.6 and
13.7 years and minor components at 35 and 46 years. Thus the periodicity of the
eight planet variation is primarily bi-decadal. The periodicity of R,/ Ry, for the
nine planet system is dominated by the component at period 11.9 years with
weaker components at 8.4, 13.7, 29.6, ~86 and ~172 years. Thus the periodicity
of R/ R,y for the nine planet system is primarily decadal. The component at
11.9 years is the synodic period of Jupiter with Planet 9. Similarly the compo-

nents at 29.6 years, ~86 years and ~172 years are due to synodic periods with
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Figure 2. The spectral content of R,/ R, for the eight planet solar system, (red stars),
and R,/ R,y for the nine planet system (black diamonds). For the eight planet system
progressively stronger peaks occur at 13.7, 12.6, and 19.5 years, with weak peaks at 36 and
45 years. When m, = 7m; significant peaks occur at ~172, ~86, 29.6, 11.9 and 8.4 years,
with the dominant peak at 11.9 years.

Saturn, Uranus and Neptune respectively. The synodic period of a component is
given by 7= 1/(1/ T, - 1/ Tp).

A feature of R,/ R,y for the nine planet system is the presence of moderately
strong components at ~86 years and ~172 years. The presence of these longer
period components is also clearly evident in the time variation of Figure 1(b)
where minima in the long term average value of R,/ R, occur at ~170 year in-
tervals with the minima separated by broad maxima. The pattern of broader
maxima alternating with sharper minima is the result of the interference of the
~86 year and ~172 year cycles. That is, the deep centennial scale minima in Fig-
ure 1(b) occur when the two cycles are both in the negative part of their cycles.
The labels Maunder, Dalton and Modern in Figure 1(b) correspond approxi-
mately to the central times of grand solar minima in SSN and the times clearly
align with the centennial scale minima in Ry R

The transition from the primarily bi-decadal SIM for the eight planet system
to a primarily decadal SIM for the nine planet system is quite dramatic so it is
interesting to follow how this comes about. Figure 3 compares the orbits of the
Sun about the barycentre for the eight planet and the nine planet systems during
the interval 1890 to 1913, centred on the year 1900, see Figure 1(a) and Figure
1(b). In the left hand diagram of Figure 3 the first minimum in Ry R, occurs
at 1 followed by a maximum at 2 and another minimum at 3, with about 20 years
between minima, 7e. ~bi-decadal periodicity. The right hand diagram shows the
Sun orbit about the barycentre when m, = 7m; for two values of Planet 9 longi-
tude, L, = 60° and L, = 240°. The heliographic inertial longitude, Z, is measured
anticlockwise from the positive x axis.

For the L, = 60° case there is a first minimum at 1, a first maximum at 2, a
second minimum at 3, a second maximum at 4, and a third minimum at 5, with

about 10 years between minima, Ze. ~decadal periodicity. The phase of the
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Figure 3. (LHS diagram): The anticlockwise motion of the Sun about the barycentre be-
tween 1890 and 1913 for the eight planet system. This time interval is centred on the year
1900 in Figure 1(a). Three extremes in Sun to barycentre distance occur: 1, minimum; 2,
maximum; and 3, minimum; corresponding to a ~ 20 year periodicity in Sun to bary-
centre distance, R, (RHS diagram): Orbits of the Sun for the nine planet system in the
same time interval centred on year 1900 in Figure 1(b). The Sun motion is shown for
cases of Planet 9 longitudes, L = 60° and L = 240°. Planet longitude is measured anti-
clockwise relative to the positive x axis. For the case where L = 60° five extremes in Sun
motion occur: 1, minimum; 2, maximum; 3, minimum; 4, maximum; and 5, minimum;
corresponding to a ~ 11 year periodicity in Sun to barycentre distance, R;. The dotted
circle represents the approximate long term average value of R,/ R, over the time inter-
val of one circular orbit of Planet 9, period ~7000 years. Note that, in Section 5, we show
that the long term average value of R,/ R, actually varies by approximately 2.5%, from a
maximum of 1.95 to a minimum of 1.90 with a period of ~2400 years, the Hallstatt cycle
period.

~decadal cycle is sensitive to Planet 9 longitude. This is illustrated in Figure 3
for the case of L, = 240° where the orbital pattern due primarily to Jupiter, Sat-
urn, Uranus, and Neptune has moved from the upper right hand quadrant to the
lower left hand quadrant of the diagram. The minimum in R,/ R, at 3 occur-
ring at about 1901 is now a maximum in R,/ R,y at 3# occurring at about 1901.
It is apparent that when the longitude of Planet 9 changes by 180° the phase of
the short, ~decadal, cycle in R,/ R, also changes by 180°.

3.2. Comparing the Decadal Variations of Rg/Rsyxn and SSN

The group sunspot number (GSS) [41], extends from 1610 to 2015 (Figure 4). By
removing the 20 year running average we obtain the primarily decadal variation
of GSS. The GSS, before 1700, during the Maunder Minimum is of low accuracy
[41], so here we use GSS in the interval between 1700 and 2015 to compare with
the variation of Ry/ R, (Figure 5). In Figure 5 we use the normalised variations,
Le. the variations divided by their standard deviation, to compare the GSS and
Ry Rgn There are 28 GSS cycles between 1705.5 and 2014.5. Thus, the average
GSS period between the maximum at 1705.5 and the maximum at 2014.5 is
309/28 = 11.03 years. If the hypothesised forcing of SSN due to SIM occurs at the

dominant periodicity of R,/ R,y in the decadal time range, ie. at 11.9 years, see
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Figure 4. The group sunspot number (GSS) [41], (red curve) is reduced to the primarily
decadal variation, (blue broken curve), by removing the long term variation. The esti-
mated accuracy of the GSS prior to 1700 is low and is not used in the comparison of
R,/ Ry with GSS in Figure 5.
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Figure 5. Compares the normalised variations of GSS and R,/ R, for the nine planet
system. The dotted reference lines mark the two interval ranges when the Schwabe cycle
in the GSS jumps in phase by 360°, ie. adds an additional cycle, relative to the Ry R
cycle.

Figure 2, we would expect 309/11.9 = 26 forcing cycles during this interval. That
is, there are 28 GSS cycles compared with 26 SIM cycles during this 309 year
long interval. As a result there are two 360" phase jumps apparent in Figure 5.
The first occurs in the interval between 1729 and 1788, (at ~1758), and the sec-
ond occurs between 1907 and 1980, (at ~1943). Stephani et al [43] observed
phase jumps in the Schwabe cycle at around the same times as observed here.

As is evident from Figure 3, the phase of the dominant decadal periodicity in
Ry Ry is strongly dependent on the longitude of Planet 9. For example, the
minimum labelled 3 in Figure 3 of the orbital pattern when Z, = 60° becomes a
maximum, labelled 3#, in the orbital pattern when L, = 240°. If the correlation
coefficient between GSS variation and the R,/ R, variation is calculated as the
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Planet 9 longitude is varied the correlation passes through a sharp maximum of
0.3 when L, = 60" as shown in Figure 6. The moderately high correlation coeffi-
cient is a result of the fairly close correspondence of the dominant periodicity in
Ry Rop» 11.9 years, and the average periodicity of the GSS between 1700 and
2015, 11.03 years. When the correlation coefficient between GSS and R,/ R, for
the eight planet system is found by a similar analysis for the same time interval
the correlation coefficient is 0.034. A heliographic inertial longitude of Z, = 60°
locates Planet 9, at the present time, in the vicinity of the constellation Leo, near

right ascension ~11 hours, declination ~+15°.

4. Comparing the Centennial Scale Variation of SSN and
Rg/Rsun

Grand solar minima tend to occur in clusters associated with minima in the
~2400 year Hallstaat cycle [22]. The most recent minimum of the Hallstatt cycle
and most recent cluster of grand solar minima occurred during the last millen-
nium [22]. Figure 7 plots the centennial time scale average value of Ry/ R, for
the nine planet system for different values of Planet 9 longitude in this time in-
terval. Figure 7 shows that the timing of minima in the centennial scale varia-
tion of R,/ R,y is sensitive to variation of Planet 9 longitude and that when the
Planet 9 longitude is close to 60° the occurrence times of the minima in Ry/Rq
are consistent with the times of occurrence of the most recent grand solar min-
ima in SSN, indicated by the vertical reference lines. The times of the recent
grand solar minima are taken from the estimates of the central times of grand
solar minima [44] [45]: Maunder, 1680, Sporer, 1473, Wolf, 1316, and Dalton
1815. The time for the Modern grand minimum, 2030, is an estimate [46]-[51].
It is interesting to compare the result in Figure 7 with the analysis of Feyn-
man and Ruzmaikin [47] who analysed the SSN record from 1700 to 2010 and

0.3 A

02| / \

0.11‘

correlation coefficient
-

-0.2
0 50 100 150 200 250 300 350 400

Planet 9 longitude, degrees

Figure 6. The correlation coefficient between the GSS variation and the R,/ R, variation
between 1700 and 2015 as the heliographic inertial longitude of Planet 9 varies. The dot-
ted reference line indicates the level of correlation, 0.034, between the GSS variation and
the Ry Ry, variation for the eight planet system.
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Figure 7. Shows the centennial scale variation of R,/ R,y between year 1200 and year
2100 for different values of the heliographic longitude, HGIL9, of Planet 9. The data, ob-
tained at 6.5 year intervals, has been averaged over 33 years to emphasise the ~172 and
~86 year components, see the spectrum of Figure 2. The vertical reference lines corre-
spond to dates at the centre of grand solar minima taken from [45]. The date for the
Modern minimum is an estimate.

associated grand solar minima as being due primarily to the ~88 year Gleissberg
cycle. Figure 7 clearly indicates that the centennial variation of R,/ R, is due to
the interference of the ~172 year and ~86 year components. As a result Ry/R¢,y
sharply decreases when the negative phases of the two components interfere
constructively. The decreases are separated by broad maxima, occasionally con-
taining a weak minimum, where the positive phase of the ~172 year cycle inter-
feres with negative phase of the ~86 year cycle. The variation in R,/ R, in Fig-
ure 7 is also consistent with the recent reconstruction of SSN over the last mil-
lennium [45], particularly in respect to the occurrence of grand minima and the
occurrence of weak minima between the grand minima. For example, from Fig-
ure 7 weak minima in SSN would be expected near years 1400 and 1900. This
expectation is consistent with recent observations of SSN [45].

As noted earlier when Planet 9 is included in the solar system the ~172 year
period component is increased by a factor ~10 and the ~86 year component,
previously not present, appears strongly in SIM, c.f. Figure 2. It is therefore in-
teresting to follow, in terms of SIM about the barycentre, why the introduction
of Planet 9 leads to such large centennial scale variations in Ry R . Figure 8 il-
lustrates how the orbital pattern of the Sun about the barycentre, (0,0), varies
between an interval centred on a centennial scale grand minimum in Ry/ R/,
here 1627 to 1703, and an interval between centennial scale grand minima in
R,/ Rg 5, here 1880 to 1964.

5. Comparison of the Millennial Scale Variation of
Reconstructed SSN and Rg/Rsun

5.1. The Millennial Scale Variation of Rg/Rsyn

The variability of solar activity over timescales longer than several centuries can
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Figure 8. In both (a) and (b) the origin is at the barycentre and the paths indicate the
motion of the Sun. (a). During a grand solar minimum, here the Maunder Minimum,
1627 to 1703, the known outer planets, Uranus, and Neptune, both lie at longitudes in the
lower left quadrant, ie. are in inferior conjunction, while Planet 9 lies along the longi-
tude, 60°, indicated by the dotted line in the upper right quadrant. As a consequence the
orbital pattern of the Sun about the barycentre, indicated in (a), is shifted toward the
barycentre and the centennial scale average Sun to barycentre distance is decreased as
compared with times when, as in the time interval 1880 to 1964, (b), Uranus and Neptune
are near superior conjunction, one in the lower left quadrant and the other in the upper
right quadrant, and Planet 9 displaces the orbital pattern away from the barycentre. Note
that, in both diagrams, the orbital pattern shown is due to the effect of the planets Jupiter,
Saturn, Uranus, and Neptune and this pattern, in the absence of Planet 9 would be cen-
tred on the origin. The effect of Planet 9 is simply to displace the pattern away from the
origin or the barycentre of the solar system.

only be studied by proxy records of solar activity derived from measurements of
the concentration of the cosmogenic isotopes, radiocarbon "C in tree trunks and
"“Be in polar ice, that accumulated due to the effect of cosmic rays [22] [52] [53]
[54] [55]. Due to the inverse relationship between cosmic rays and solar activity
it was possible to reconstruct the variation of SSN over the approximately 9,000
year Holocene interval, —7000 BC to 2000 AD [22] [56]. Analysis of the record
shows a variation, nominally the Hallstatt cycle, of periodicity about 2400 years.
The Hallstatt cycle and a longer period cycle were also observed in the '*C record
[13]. Usoskin et al. [22], concluded that the ~2400 year Hallstatt cycle is most
likely a property of long term solar activity. They show, by superposed epoch
analysis that grand minima in SSN tend to cluster at minima of the ~2400 year
cycle. The ~2400, ~1000, ~85, ~60 and ~30 year period components are impor-
tant components in solar activity, cosmic ray flux and cosmogenic series and
have been extensively reported [13] [20] [22] [55] [57] [58]. In this section we
show that the spectral content of R,/ R, calculated when Planet 9 is included,
exhibits the Hallstatt ~2400 year cycle, the Gleissberg ~88 year cycle, the ~60
year cycle, and the ~30 year cycle, Figure 9(a). Conversely, in the spectrum of
Ry Ry calculated without Planet 9, these long term components of recon-

structed solar activity are insignificant, Figure 9(b).
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Figure 9. (a) Shows the tuning of the low frequency, long period, cycle in R,/ Ry, to the
nominal Hallstatt period, ~2400 years, by varying the orbital period of Planet 9 to 7; =
7000 years. (b) The components of the spectral content of R,/ R, for the eight planet
system show no evidence of either the Hallstatt, ~2400 year, Gleissberg, ~88 year, ~60
year, or ~30 year period components.

0.01 0.02 0.03 0.050.07 0.1

Figure 9(a) and Figure 9(b) compare the spectral content of Ry R, for the
eight planet and nine planet systems when assessed between year —8000 and year
+8000. Three overlapping nine planet spectra are shown in Figure 9(a). Each
spectrum is for a different value of semi-major axis and the corresponding
Planet 9 orbital period. Clearly, the low frequency components of R,/ R, are
sensitive to changes in Planet 9 semi-major axis and period. Therefore the varia-
tion of Planet 9 period provides a means to fit the lowest frequency component
of R,/ Ry to the previously observed ~2400 year period of the Hallstaat cycle in
reconstructed SSN by varying the orbital radius or orbital period of Planet 9.
Figure 9(a) indicates that a close fit is obtained with a, ~ 366 AU, or equiva-
lently, since 7'and a are related, 7; ~ 7000 years. The value a, ~ 366 AU is close
to the best estimate value, a, = 380 AU obtained by [1].

Figure 10 compares the eight planet and the nine planet time variations of
Ry Ry from year —8000, (8000 BC) to year +8000, (8000 AD). The points are
calculated at 2400 day intervals so that the label S5 indicates a running average
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Figure 10. (a) The millennial scale variation of R/ R, for a, = 366 AU and L, = 60°. The
label S5 corresponds to a running average over 33 years and the label S$100 corresponds to
a running average over 660 years. The vertical reference lines in (a) correspond to times
of maxima in the second singular spectral analysis component, nominally the Hallstaat
cycle component, in reconstructed sunspot number [22]. (b) The same variations as in A
with L = 240°. Notice that the phase angle of both the short term ~170 year cycle and the
long term ~2400 year cycle shift by 180° when the longitude of Planet 9 changes by 180°.
The best fit to the higher frequency component in (A), nominally the Jose component, is
Ry Ry = 0.5c08(2m#/168.5 + 1) and the best fit to the low frequency component, nomi-
nally the Hallstatt component is R,/ R, = 0.02cos(2n#/2500 - 0.78). This Hallstaat com-
ponent in R,/ Ry, has its most recent minimum value at year 1560 in (A).

over 5 points or a 12,000 day, 33 year interval and the label S100 indicates a run-
ning average over a 660 year interval. There is a very strong centennial time
range cycle of ~170 year period and a weaker millennial time range cycle of
~2400 year period. Comparing Figure 10(a) where L = 60° and Figure 10(b)
where L = 240" indicates that the ~2400 year cycle is sensitive to change in
Planet 9 longitude, Ze. the phase of the ~2400 year cycle shifts by 180° when the
longitude of Planet 9 shifts by 180°.

The type of variation in Figure 10 arises when the major components, in this
case the ~176 year and ~88 year period components are not exactly harmonically
related. If the two components are harmonically related as suggested by the ratio
176/88 = 2.0 then a stationary pattern would result rather than the slowly vary-
ing pattern in Figure 10. Assuming the longer period component derives from
the Uranus-Neptune conjunction period of 172 years we expect the synoptic pe-
riod of the conjunction Uranus/Neptune/Planet 9 (period ~7000 years) to be
176.5 years and for the synoptic period of the harmonic of 172 years (86 years)
to occur at 87.0 years. Thus Planet 9 results in a period ratio of 176.5/87.0 = 2.03
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for the two components rather than exactly 2.00 and the difference in period
from exact harmonic ratio is sufficient to give the slowly varying pattern in Fig-
ure 10.

5.2. The Millennial Scale Variation in Spectral Content of SSN

The spectral content of the reconstructed SSN, —6755 to 1885, shown in Figure
11 was obtained after removing a running average over 2400 years from the re-
constructed SSN [56]. The spectrum is similar to that obtained with “C data
[59].

It is clear by comparing the spectrum of SIM, Figure 9(a) and the spectrum of
SSN, Figure 11 that the hypothetical transformation of SIM into sunspot emer-
gence, if it exists, acts as a low pass filter, ie. the transform of cycles of SIM into
cycles of sunspot emergence is much stronger at low frequencies than at high
frequencies. The periods of reconstructed SSN in Figure 11 along with the ap-
parently corresponding periods of R,/ R, in brackets are: 2160 (2400), 1440 (?),
960 (890), 720 (667), 617 (?), 508 (535), 346 (380), 206 (208), 22?2 (168), 149 (?),
133 (), 104 (98), 87 (85), 68 (62), 53 (55), 43 (45), 38 (36), 33 (?), 29 (29.6).
Where there is no apparent correspondence a question mark is placed. Note that
the three question marks indicate the absence of the ~168 year Jose component
from the SSN record. Clearly there is a reasonably close correspondence between
the low frequency periodicity of SIM and reconstructed SSN apart from the Jose
component that is marked with the dotted reference lines in Figure 11. This is-
sue, which challenges the hypothesis of a connection between SIM and solar ac-

tivity, is discussed in detail below.
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Figure 11. The spectral content of the reconstructed SSN record [56]. The periods, in
years, of prominent peaks are labelled. The location of the ~176 year Jose periodicity,
which is absent from the spectrum, is marked by the vertical dotted reference line.
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6. Phase Modulation of the ~170 Year Jose Periodicity by
Lower Frequency Components

6.1. Elements of Phase Modulation and Demodulation

The modulation of a high frequency signal by a lower frequency signal is the ba-
sis of communication engineering where the higher frequency signal is called the
carrier and the lower frequency signal is called the modulation. The basic types
of modulation used in communications are amplitude modulation and
phase/frequency modulation. The same concept has been applied to investigat-
ing the spectral content of solar activity and climate variables, e.g. amplitude
modulation [60] and phase/frequency modulation [61] [62]. In amplitude
modulation a fraction of the power at the carrier frequency is shifted into side-
bands on either side of the carrier frequency while in phase/frequency modula-
tion most of the power is shifted from the carrier frequency into sidebands of the
carrier frequency. The latter occurs, for example, in the modulation of the an-
nual cycle of the interplanetary magnetic field by the ~22 year Hale cycle, where
all the power in the annual cycle is shifted into sidebands [61]. So a characteristic
of the spectra resulting from phase/frequency modulation is a distinct minimum
at the carrier frequency and strong sidebands spaced equally at each side of the
carrier frequency. There is a deep minimum at ~170 years in spectrum of recon-
structed sunspot number, Figure 11. A possible explanation for the absence of
the Jose periodicity at ~170 years from the spectrum is that the Jose periodicity is
split into sidebands by phase modulation by lower frequency components. We
investigate this possibility in the following.

Modulation of a carrier signal of angular frequency, w, by a lower angular

frequency, w,, modulating signal can be represented by
y(t)=[ A+cos(myt)]cos(apt)
y(t)= Acos(a)ct)+0.5[cos((a)c +ay )t)+cos (e —ay, )t)]
y(t) = Acos(mct)+0.5] cos(m,t)+cos(ayt)] (5)

where wy and w, are the angular frequencies of the high and low frequency
sidebands respectively. When A > 1 we have amplitude modulation, A < 1 partial
amplitude and phase modulation, and A = 0, pure phase modulation where on
every second half cycle of the modulating signal the phase of the carrier signal is

reversed. If £, and £, can be found the modulating frequency is,
fu =(fu = f)/2 (6)
and the carrier frequency is,
fo=(fy+1f)/2 (7)

When A = 0 we have pure phase modulation. As an example, if there are two
components in the modulating signal, at periods 1500 years and 600 years, and
the carrier period is 168 years, the Jose periodicity, the modulated wave form

and the spectrum are as shown in Figure 12(a) and Figure 12(b).
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Figure 12. The figures illustrate the method of demodulating a phase modulated signal in
order to reveal the low frequency modulating signal. (a) is the phase modulated signal. (b)
is the spectrum of (a). The modulating periods could be obtained by applying equation 6
to the components in (b) to find the modulating periods. However, it is possible to de-
modulate the signal (a) by correlating signal (a) with the carrier signal, in this simulation,
cos(2m#/168). The result is the low frequency waveform (c), corresponding to in-phase
and out-of-phase intervals of signal (a) with the carrier signal. Obtaining the spectrum of
(c) by FFT recovers the periods of the low frequency modulating components, (d).

In this case, the carrier frequency is easy to determine as the midpoint fre-
quency between the sidebands in the spectrum. If the carrier period and the car-
rier phase are known, the low frequency modulating waveform can be recovered
by demodulating the modulated signal, the variation in (A) in the Figure 12.
Demodulation is obtained by correlating the modulated signal with the carrier
signal, in the above simulation the carrier signal was cos(2n#/168 + 0). The result
of the demodulation is shown in Figure 12(c) which is indicative of the modu-
lated signal alternating between in-phase and out-of-phase with the Jose cycle.
The spectrum of the demodulated signal is shown in Figure 12(d). Note that pe-
riods of the original modulating cycles, 1500 year and 600 year, are, by this
process, recovered from the modulated waveform. Clearly the demodulation

method is not exact and weak spurious components are generated as evident in
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Figure 12(d). It is also possible, by using slight variations in period and phase of
the Jose cycle, and the above simulation methods, to show that the demodulation

method is very sensitive to the period and phase of the Jose cycle.

6.2. Phase Modulation and Demodulation Applied to the
Reconstructed Sunspot Number

It is clear from the above that it is possible to move back and forth between a
modulated signal and the modulating signal. We now apply this method to the
reconstructed SSN record [56] with the objective of demonstrating the possibil-
ity that the Jose cycle is the “hidden” mediator between the low frequency and
mid frequency components of the SSN record. Figure 13 outlines the transfor-

mation by which the low frequency components of the SSN variation modulate
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Figure 13. The figures illustrate the modulation of the Jose cycle by the low frequency
components in the reconstructed SSN record. The blue broken curve in (a) is the time
variation of the reconstructed SSN record —6755 to 1885 [56]. The full line is the low fre-
quency component obtained by a 300 year running average. The spectrum of the low
frequency SSN variation is shown in (b). If the low frequency time variation in (a) modu-
lates a Jose cycle, cos(2m#/168 + m), the resultant mid frequency SSN variation is shown in
(c). The spectrum of this mid frequency variation, shown in (d), is characterised by a
deep minimum centred on the Jose periodicity, comparable with the spectrum of Figure
11(b). The sidebands correspond to phase modulation of the Jose cycle by the low fre-
quency components of the time variation in (a).
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the Jose cycle and result in the mid frequency components of the SSN. The very
low frequency component of SSN record, period longer than ~2400 years, that
Usoskin et al. [22] regarded as likely being of terrestrial origin, was removed by
subtracting a 2400 year running average. This resulted in the very complex blue
broken curve shown in Figure 13(a). A running average over 30 points, or 300
years, was then used to obtain the low frequency waveform, the full line in Fig-
ure 13(a). The spectrum of this low frequency SSN waveform, shown in Figure
13(b), has seven significant low frequency components. Figure 13(c) is the re-
sult of modulating the Jose cycle, cos(2n#/168 + m), obtained from Figure 10(a),
with the low frequency waveform of Figure 13(a). The resulting spectrum, cor-
responding to variation in the mid frequency range of the SSN record is shown
in Figure 13(d), the most noticeable feature being the distinct minimum in
spectral amplitude centred on the Jose period, 168 years. This spectrum, Figure
13(d), is directly comparable, in the same frequency range with Figure 11(b),
which shows the entire SSN spectrum. The sidebands in Figure 13(d) are evi-
dently the result of phase modulation of the Jose cycle by the low frequency
components present in the variation in Figure 13(a). For example the most cen-
tral pair of sidebands in 13 D is due to modulation by the 0.0005 year™', ~2000
year, component in Figure 13(a) and the second set of sidebands from the cen-
tre is due to phase modulation by the ~1000 year component in Figure 13(a).

We now demonstrate the demodulation of the SSN record in the mid fre-
quency range via correlation with the Jose cycle to obtain the low frequency
components of the reconstructed SSN record [56]. The mid frequency range
variation of the SSN record is obtained by using a digital band pass filter to iso-
late the time variation of SSN in the frequency range from 0.003 years™ to 0.009
years™', Figure 14(a). The spectrum of this variation, shown in Figure 14(b),
has all the low frequency components of the SSN variation removed by the filter.
We now correlate the mid frequency range variation, Figure 14(a), with the Jose
cycle, cos(2n#/168 + m), as determined in Figure 10(a). The variation of the re-
sulting correlation coefficient, after smoothing with a 100 year running average,
is shown in Figure 14(c). The spectrum of this variation, shown in Figure
14(d), contains low frequency components similar in period to the low fre-
quency components of the SSN record in Figure 13(b).

The time variation in Figure 14(c) and the spectrum in Figure 14(d) are rea-
sonably consistent with the low frequency time variation of Figure 13(a) and the
low frequency spectrum of Figure 13(b), indicating that the demodulation of
the mid frequency range variation in the SSN record with the Jose cycle is re-
covering, to a reasonable approximation, the low frequency time variation of the
reconstructed SSN record. The effectiveness of the type of transformations illus-
trated in Figure 13 and Figure 14 support the concept that phase modulation of
the Jose cycle in SIM by the low frequency components in SIM results in the mid
frequency range variation of the reconstructed SSN. It also explains the occur-
rence of the deep minimum in the spectrum of the SSN record at ~170 years pe-
riod that is evident in the spectrum of reconstructed SSN, Figure 11(a) and
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Figure 14. The figures illustrate the demodulation of the mid-frequency SSN record to
obtain the low frequency components of the reconstructed SSN record [56]. The variation
in (a) is the mid-frequency variation of the SSN record obtained by digital band pass fil-
tering. The spectrum in (b) is the result of a FFT of time variation in (a) and shows the
deep minimum at about 0.006 years™' characteristic of phase modulation of a component
at that frequency. (c) shows the correlation of the time variation in (a) with the Jose cycle
cos(2m#/168 + ) after smoothing with a 100 year running average. (d) shows the FFT of
the time variation in (c) and corresponds to the spectrum of the low frequency compo-
nents of the SSN record and is directly comparable with the spectrum in Figure 13(b).

Figure 11(b), and in previous observations of the spectral content of cos-
mogenic isotope series [55] [60] [63]. Note that in a later section, Section 6.4, we
find that the Jose periodicity in SIM varies slightly with Planet 9 orbital radius
and, if the Planet 9 orbit is eccentric, an exactly constant Jose periodicity may
not apply to SIM.

The hypothetical connection between SIM and SSN is that SIM, by some
mechanism, as discussed below, induces changes in the magnetically active re-
gion of the Sun that vary the rate of emergence of sunspots. The connection be-
tween SIM and the reconstructed SSN involves several further connections.
Connections between sunspots and solar wind, solar wind and cosmic rays,
cosmic rays and the production of "“C or '“Be isotopes, the accumulation of the

isotopes in tree rings or ice layers, the interpretation of tree rings and ice layers
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into a time sequences, and the conversion of the resulting cosmogenic time se-
ries into a proxy record of sunspot emergence [56]. In view of the noise, non-
linearities and uncertainties involved in such a complex process it is unlikely
that the analysis, outlined above, based on phase modulation of the Jose cycle,
Figure 13 and Figure 14, would yield a very close resemblance between the ob-
served and estimated low and mid frequency components of the reconstructed
SSN. Nevertheless the comparison is, on close examination, reasonably con-
vincing and we conclude, tentatively, that in the transformation from SIM to so-
lar SSN, the Jose cycle in SIM is phase modulated in the process and that this
phase modulation could be the reason for the absence of Jose periodicity in the
spectra of SSN.

6.3. Spectral Analysis from the Occurrence of Grand Solar Minima

Grand solar minima have been a preoccupation of solar and climate researchers
since the reporting of the Maunder solar minimum by Eddy [20]. The study of
grand solar minima is important in the context of understanding the origin of
long term variations in the solar dynamo [15] [18] [22] [64] [65] and in relation
to the possible climate impacts of grand solar minima, e.g. [55] [66] [67] [68]
[69]. The cosmogenic record has enabled the study of the occurrence of grand
solar minima over the last ten millennia with [44] reporting the centre times of
grand minima in the reconstructed SSN and [53] reporting the centre times of
grand minima in the solar modulation potential. The conclusions of the latter
two studies is that, “the occurrence of grand minima and maxima is not a result
of long-term cyclic variability but is defined by stochastic/chaotic processes” and
“other than a weak quasi-periodicity of 2000-2400 years... No other periodicities
are observed in the occurrence rate of grand minima” [44]. The conclusions are
counter to the findings in this section that grand solar minima result from the
phase modulation of the ~170 year Jose cycle by lower frequency cycles such as
the ~1000 year Eddy and ~2400 year Hallstatt cycles. However, Inceoglu et al
[64] have changed their view about grand solar minima to, “it would also imply
that these quiescent periods of activity are not the result of a random process but
instead their origin is linked to the driving mechanism of magnetic field genera-
tion”.

With a view to assessing if long term cyclic variability is present or not in the
occurrence of grand minima we here study the central dates of grand solar
minima observed by [44] [53]. The objective is to assess if the ~170 year Jose cy-
cle and the harmonic and sub harmonics of the Jose cycle are evident in the oc-
currence dates. The method is to specify, in the relevant time interval, a value
unity for the centre years of grand solar minima and a value of zero for all other
years. To enable the use of FFT analysis the central dates of grand solar minima
are assigned to the nearest fifth year in the sequence of years between —9200 and
1810 and given the value unity. The sequence, after smoothing with a ten year
running average, and representing the occurrence of grand minima as specified
by [44] or [53], is shown in Figure 15(a) for the [44] data and Figure 16(a) for
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Figure 15. (a) The time sequence of the central dates of solar grand minima obtained by [44]. (b)
The spectral content of the time sequence in (a). The strongest peak, at 352.9 years, is assigned the
value 2T], where TJ is the Jose period in SSN. T7J is then calculated to be 176.45 years and this pe-
riod is indicated by the TJ reference line. The harmonic and sub harmonics of the Jose compo-
nents are then indicated by reference lines. The peak that occurs at period 2400 years is also indi-
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Figure 16. Upper graph. The time sequence of the central dates of solar grand minima in the "*C
record of solar modulation potential obtained by [53]. Lower graph. The spectral content of the
time sequences in '*C and '"Be solar modulation potential. The strong peak, at 354 years, is as-
signed the value 2T], where TJ is the Jose period in SSN. T7 is then calculated to be 177 years and
this period is indicated by the TJ reference line. The harmonic and sub harmonics of the Jose
components are then indicated by reference lines. A peak at 2300 years is also indicated.
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the [53] data. A fast Fourier transform of the sequence is then made to identify
periodicities in the sequences, Figure 15(b) and Figure 16(b). This method is
similar to that applied to uncover the spectral content of ground level enhance-
ment events [70]. The strongest peak in the spectrum of the data recorded in
[44] is at 352.9 years. We associate this period with 2T] where TJ is the Jose pe-
riodicity, 176.45 years. As expected from the discussion about phase modulation,
a prominent peak at period TJ is not evident in the spectrum and the period T]
is associated with a deep broad minimum in the spectrum. Four sub-harmonics,
at periods 2.5T], 3TJ, 4TJ, and 6T]J coincide with prominent peaks and are indi-
cated with reference lines. The first harmonic of the Jose periodicity at 0.5T] =
88.22 years is also indicated. The long term periodicity at ~2400 years that
represents the clustering of solar grand minima occurrences is also marked.
Note that the ~2400 year cycle of clusters of grand solar minima in Figure 15(a)
corresponds to the clusters occurring within the negative phase of the ~2400
year Hallstatt cycle in SIM in Figure 10(a).

The analysis is repeated for the reconstructions of solar modulation potential
from the ""Be and "“C cosmogenic series [53]. This sequence of grand solar
minima occurrences is shown in Figure 16(a) and the resulting spectral content
of the occurrences is shown in Figure 16(b). The periodicities marked by refer-
ence lines are essentially the same as in the spectrum of Figure 15(b) derived
from the [44] data. Thus three different estimates of the occurrence of grand
minima give essentially the same periodicity of occurrence and that periodicity is
dominated by a Jose periodicity of ~177 years and sub harmonics of this perio-
dicity.

The ~177 year Jose periodicity in the occurrence of solar grand minima, while
clearly associated with the low frequency components in the spectrum is “hid-
den” in the sense that the amplitude of the component is relatively weak com-
pared with the amplitude of the sidebands and with the amplitude of lower fre-
quency components. This is a result, as outlined in Section 6.2, of phase modula-
tion of the Jose component by lower frequency components. However, the phase
modulated component is not completely “hidden” if the number of phase re-
versed cycles or events differs significantly from the number of regular cycles or
events. In the context of grand solar minima occurrences, if all grand minima
occurred at n x 176 year intervals in the time sequence then there would be a
strong peak at 176 years in the spectrum of occurrences. If, however, about half
of the grand minima occurred at (n + %2) x 176 year intervals in the time se-
quence the 176 year periodicity in the spectrum would be “hidden”. In the spec-
trum of Figure 16(b) a peak at ~177 years is evident but relatively weak indica-
tive of an imbalance between in phase and out-of-phase occurrences of grand
solar minima. There are several strong peaks in the spectrum that correspond to
phase modulation of the Jose cycle that have not been marked by reference lines.
For example, using Equations (6) and (7), the peaks at 303 years, (0.0033
years™), and 256 years, (0.0039 years™'), in Figure 16(b) are sideband peaks due
to phase modulation of the Jose cycle by the 442 year period and 531 year period
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low frequency components respectively. Similarly the strong, broad peaks at
~0.005 year™' (200 years) and ~0.007 years™' ( 143 years) are sideband peaks due
to phase modulation of the ~177 year Jose cycle by the ~1000 year Eddy cycle.

Beer et al [27] suggested that solar grand minima “recur with the characteris-
tic de Vries period of approximately 208 years” and supported this idea by band
pass filtering the cosmogenic *C record in the period range between 180 and 230
years, further stating that the maxima in the filtered cosmogenic record “actually
correspond to grand minima in solar activity’. The evidence of Figure 16(b)
suggests that the recurrence time of solar grand minima obtained from the "“C
record is close to 177 years. If the recurrence time was 208 years a peak at 0.0048
years™ would be evident in the spectrums in Figure 15(b) and Figure 16(b).

The above analysis is presented as a possible reason why the Jose periodicity, a
dominant periodicity in the spectrum of SIM, is absent from the spectrum of
reconstructed SSN whereas other periodicities in SIM, e.g. the ~2400 year Hall-
statt, ~1000 year Eddy, and the ~88 year Gleissberg periodicities, are clearly pre-
sent in the spectrum of reconstructed SSN, c.f. Figure 11(a) and Figure 11(b).

Another conundrum in this attempt to relate SIM to SSN is the discrepancy
between the ~177 year Jose periodicity obtained by spectral analysis of the solar
activity record, Figure 11(a) and Figure 16(b), and the ~170 year Jose periodicity
obtained from SIM, Figure 9(a) and Figure 10(a). Sharp [71] and McCracken et
al. [32], using very long records of SIM, estimated the Jose period to be ~171
years as opposed to the estimate by Jose (1965), over the short interval 1653 to
2060, of a Jose period of ~about 178 years. The estimate obtained in this paper
using the approximation of circular planet orbits is a period ~169 years for
SIM including Planet 9 and a period ~172 years for SIM for the eight planet
system, the latter value consistent with the estimate by Sharp [71] and
McCracken et al. [32]. The discrepancy between ~177 years for SSN and ~170
years for SIM is large enough to be a significant challenge to the planetary hy-
pothesis.

6.4. Why Are the Jose Periodicities in SSN and SIM Different?

The previous section found the “hidden” Jose periodicity in SSN is ~176.5 years,
Figure 15 and Figure 16, whereas the calculated Jose periodicity in SIM was
~168.5 years, Figure 9(a). This discrepancy may be resolved by noting that the
Jose periodicity in SIM varies with the semi-major axis, a,, of Planet 9, Figure
17.

In fact all of the SIM periodicities that depend on the semi-major axis of
Planet 9 vary. The Gleissberg ~88 year periodicity in SIM also decreases with a,,
Figure 17. However, in contrast, the Hallstaat periodicity in SIM increases
strongly with a,, Figure 9(a). Thus, a possible resolution of the difference be-
tween the SSN and SIM estimates of Jose periodicity is that the orbital radius of
Planet 9 used in the calculation of SIM in this paper, 380 AU, the best estimate
from [1], is actually shorter, about 250 AU.
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Figure 17. The spectral content of R,/ R, as the semi-major axis of Planet 9 is varied
between 150 AU and 800 AU. Note that all the periodicities move to lower frequencies as
the Planet 9 semi-major axis decreases. The semi-major axis and orbital period of Planet 9
are given in the legend as is the period, in years, of the Jose cycle in SIM, indicated by the
number in (...), and the period of the Gleissberg cycle in SIM, indicated by the number in

[...].

Another possibility is that the Planet 9 orbit is eccentric of the order e ~ 0.3,
and the occurrence of grand solar minima cluster around the times of perihelion
when the orbital radius approaches a lower value of 250 AU. In this case most of
the solar grand minima in SSN would be expected to occur, in clusters, at a time
spacing of about 176 years, as observed, corresponding to the Jose periodicity in
SIM when a, ~ 250 AU, also ~period 176 years.

7. Mechanism for the Conversion of SIM into SSN

There is a conundrum that, while there is reasonably close correspondence be-
tween most of the significant periodicities in SIM and in SSN, the principal
component in SIM, the ~170 year Jose periodicity, is not evident in spectra of
reconstructed SSN or in cosmogenic records [55]. The inclusion of Planet 9 in
the solar system results in broad decreases in R,/ Ry coherent with the occur-
rence of grand solar minima, c.f. Figure 1 and Figure 7. The significant long
term, ~170 year period, variation in Ry R, implies that the Sun is subject to
intervals of extreme positive and negative acceleration relative to the barycentre
with the intervals separated by ~170 years. The broken blue line in Figure 18 is
the second time differential of the R,/ R, variation in Figure 7 and represents,
therefore, the acceleration of the Sun along the Sun-barycentre direction. The
acceleration indicated by the level 0.001 in Figure 18 is equivalent to an accel-
eration of 0.7 x 10° m/s”. This is a small acceleration, about the same as the tidal
acceleration on the Sun due to Jupiter [72]; however, it acts over a long time.

For example, the amplitude of the strong positive and negative acceleration
peaks indicated in Figure 18 exceed the level 0.001 for about 20 years. The pink
full line is the absolute value of the acceleration and the line with black symbols

is a forty year running average over this absolute value. The peaks of the latter
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Figure 18. The broken blue curve is the acceleration of the Sun along the Sun-barycentre
direction due to planet motion including Planet 9. This curve is the second time differen-
tial of the variation of R/ Ry, with L, = 60° in Figure 7. The full line pink curve is the
absolute value of the acceleration and the black curve with symbols is a 40 year running
average over the absolute value. The reference lines mark the centre times of grand solar
minima based on the data of Usoskin et a/. [44] and Inceoglu et al. [53]. The intervals as-
sociated with the Medieval Warm Period and the Roman Warm Period are also indicated
illustrating that these intervals were associated with broad intervals of low Sun accelera-
tion. The 0.001 level in the figure is equivalent to a Sun acceleration of 0.7 x 10~° m/s>.

curve correspond to times of strong positive or negative Sun acceleration. The
dotted vertical reference lines indicate the centre times of grand solar minima in
SSN as estimated from cosmogenic series [44] [53]. The noticeable feature is that
times of the centres of grand minima in SSN coincide with the extremes of nega-
tive or positive solar inertial acceleration. Thus the inclusion of Planet 9 provides
for significant and long acting accelerations of the Sun along the line between
the Sun and barycentre and the intervals of stronger acceleration occur within
the time intervals encompassing grand solar minima in SSN. It should be noted
that similar curves as those shown in Figure 18 also result from the second time
differential of Ry R, when m, = 0. However, the amplitude of the curves is
about tens smaller than when m, = 7m, indicating that Planet 9 acts to amplify
the variation of acceleration.

The variation in Figure 18 suggests the following mechanism to explain how
SIM influences the decrease in solar dynamo action and SSN during grand solar
minima. The Sun has a spherical solid core extending to a radius of 0.7 R, that
is separated from a spherical fluid convective outer layer 0.3 R, thick contain-
ing about 2% of the Sun’s mass. This is the region where meridional and differ-
entially rotating flows of material occur. When the Sun is accelerating along the
line connecting the Sun to the barycentre the fluid convective region is displaced
relative to the inner solid core and the convective region bulges in the accelera-
tion direction and thins in the two orthogonal directions. More specifically, be-
cause the planets move in the ecliptic plane the convective region thins in the
directions perpendicular to the ecliptic plane, in the polar directions. Therefore

the result of positive or negative solar acceleration is a thinning of the convective
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region at both poles. Simple hydraulic considerations indicate that the merid-
ional and differential rotation flows would be slower in regions where the con-
vective layer is thinner and as a result magnetic activity and sunspot emergence
would decrease. In support of this idea, we note that the impedance to hydraulic
flow between two parallel planes varies approximately as 1/d where dis the dis-
tance between the planes, the meridional flow converges at the poles reducing
the flow cross section, and the thinner convective region near the poles has to
accommodate meridional flows both towards and away from the poles; all sug-
gesting strong dependence of meridional flow on the thickness of the convective
layer at the poles. Simulation of solar magnetic fields during the Maunder
Minimum [29] [73] [74] [75] [76] indicated that the Schwabe sunspot cycle was
extremely sensitive to meridional flow speed. The mechanism proposed here
provides simultaneous thinning at both poles so that both northern and south-
ern hemisphere meridional flows would be reduced. This would result in sym-
metric decrease in SSN in both hemispheres. In contrast, the assumption that
internal stochastic processes, which would act independently in each hemi-
sphere, affect the meridional flows leads to a highly asymmetric SSN variation
[77] with decreased SSN in one hemisphere and normal SSN in the other hemi-
sphere the more likely outcome in this case. Direct measurement of meridional
flow on the Sun has been possible only since 1996 with the recent studies [78]
[79] finding that a broad reduction in meridional flow speed of about 5 m/s oc-
curred around the year 2000. This direct observation of meridional flow speed
reduction corresponds with the weak peak of Sun-barycentre acceleration
around year 2000 in Figure 18 and provides evidence supporting the relation-
ship proposed for the mechanism. We note from Figure 18 that moderate SIM
accelerations are expected to occur ~year 2050 and ~year 2090. However, an in-
terval of extreme Sun acceleration, equivalent to that associated with the Maun-
der minimum, will not occur until ~year 2130.

The problem faced when proposing the type of mechanism outlined above,
and for most mechanisms based on planetary influence on the Sun, is showing
that the planetary accelerations are sufficient to cause solar flows large enough to
affect the solar dynamo. For example, it is known that by simulating a large
variation of meridional flow in the convective layer, it is possible to generate a
grand minimum type variation of the solar dynamo [29] [74] [80]. However, the
required reduction in meridional flow was found to be about 5 m/s. Whether
accelerations of the Sun the order 10 m/s® acting over ~20 years can produce
that magnitude of change in the meridional flow is outside the scope of this pa-
per. However, the model outlined above is a mechanism of planet to Sun influ-
ence that qualitatively explains many of the observations associated with grand
solar minima. Some examples are discussed below.

One example is the occurrence of a normal solar cycle near the middle of solar
grand minima. As indicated in Figure 18 the observed centre times of grand so-
lar minima occur near the times of extreme positive or negative inertial accelera-

tion and the time interval between the acceleration extremes is commensurate
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with the duration of grand solar minima, ~50 years, [53]. At the changeover be-
tween positive and negative acceleration the solar acceleration is close to zero
and meridional flows and the solar dynamo should return to normal function
during these short, approximately decade long, intervals. Thus a cycle of near
normal amplitude and length would be expected to occur around the middle of
grand solar minima. The analysis of reconstructed SSN over the last millennium
[45], shows a single, relatively strong, cycle occurs near the middle of the Wolf,
Sporer and Maunder grand minima, with the cycle maximum occurring at years
1313, 1494, and 1682. Close examination of Figure 18 shows that the mentioned
times coincide with times when solar acceleration is close to zero.

A second example is the provision of a mechanism by which the ~170 year
Jose cycle in SIM is phase modulated in the transformation of SIM into SSN. An
explanatory mechanism is important as the ~170 year cycle is very prominent in
SIM spectra yet is weak, absent, or as discussed above “hidden”, in the spectra of
SSN and cosmogenic records as reported, for example, by [32] [55]. McCracken
et al [32] discussed this issue and concluded that the non-appearance of the
~170 year periodicity in SSN spectra is “a consequence of the cycle to cycle vari-
ability of the Jose cycle as a consequence of the non-commensurate nature of the
periods of the Jovian planets’. However, this is a general statement of the prob-
lem and not an explanation of it. The mechanism outlined above can explain
how the Jose cycle in SIM results in a phase modulated variation in SSN. The ba-
sis of a phase modulation mechanism is that an event in solar activity, e.g. the
occurrence of a solar grand minimum, should sometimes occur during a positive
phase of the Jose cycle in SIM and at other times occur during the negative phase
of the Jose cycle in SIM. The Jose cycle in SIM for the last millennium is illus-
trated in Figure 7. Here we see that the occurrence of grand minima in SSN oc-
cur close to sharp turning points in SIM during the negative phase of the Jose
cycle. The sharp turning points in R,/ R,y correspond to times of extreme solar
acceleration, and, on the basis of the proposed mechanism, to a reduction in the
solar dynamo. Now turning to Figure 10(a) and the variation of SIM in the in-
terval between —7000 to 3000 we notice that, during the interval 0 to 3000, SIM
is characterised by sharp negative excursions during the negative phase of the
Jose cycle and similarly from —7000 to —5000. However, during the interval
—5000 to 0 the SIM is characterised by sharp positive excursions during the posi-
tive phase of the Jose cycle. In the mechanism proposed here grand solar minima
occur near the times of extreme solar acceleration due to thinning of the convec-
tive layer. It follows that during the interval -5000 to 0 grand minima in SSN
will occur, predominantly, during the positive phase of the Jose cycle in SIM,
whereas, during the intervals —7000 to —5000 and 0 to 3000 grand minima in
SSN will occur, predominantly, during the negative phase of the Jose cycle in
SIM. As the latter two intervals encompass ~5000 years, and the interval —5000
to 0 also encompasses ~5000 years, we would expect approximately equal occur-
rence of grand minima in SSN during the positive and during the negative
phases of the Jose cycle in SIM. This would result in the appearance of phase
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modulation of grand minima in SSN with the centre period of the modulation at
the period of the Jose cycle in SIM. Thus, the proposed mechanism resolves the
conundrum of the strong Jose component in SIM being an absent or a “hidden”
component in SSN as outlined in section 6 of this paper. Occasionally moder-
ately sharp turning points in SIM and accompanying moderately strong accel-
erations of SIM will occur during the broader intervals in the variation in SIM.
For example, the moderately sharp turning points within broad intervals that
occur near year 1400 and near year 1910 in Figure 7, would correspond to mod-
erately strong solar acceleration and also result in reductions in SSN. These
moderate solar minima, occurring at half intervals of the Jose cycle, would also
lead to phase modulation in SSN for similar reasons as discussed above.

While the mechanism described above is mainly qualitative it has, as it is
based on planet motion, a predictive capacity. For example, Figure 7, Figure 15
and Figure 18 relate the ~170 year variation in SIM quite accurately to the times
of occurrence of the grand minima of SSN in the cluster of grand minima occur-
ring in the last millennium. Further, the occurrence of the cluster can be accu-
rately related to the SIM estimate of the time of occurrence of the minimum of
the ~2400 year Hallstatt cycle during the last millennium, at ~year 1500, Figure
10. However, it is clear that the occurrence of solar grand minima is not only
due to modulation of the Jose cycle by the Hallstatt cycle but also to the modula-
tion of the Jose cycle by several other low frequency cycles, c.f. Figure 11, Figure
13 and Figure 14. Thus, predicting the occurrence of future grand minima
would require knowledge of the phases of the other low frequency cycles as well
as the phase of the Hallstaat cycle. It is useful to note that, for dynamo theory
based entirely on stochastic simulation of meridional flows, [18] [29] [73] [74]
[81], while it is possible to simulate grand solar minima, it is not possible to
make predictions of when grand solar minima in SSN will occur. As Wang and
Sheeley [73] note, “the origin of the assumed Huctuations is unknown to us” and
as Karak [74] noted, “ We have no idea why the meridional circulation dropped
to a very low value. ... However, this assumption enables us to reproduce most
of the important features of the Maunder minimum remarkably well’, and as
Charbonneau [18] stated “A¢ this writing we still do not know what triggers
Grand Minima, or which physical processes control their duration and drive re-

covery to ‘normal cyclic activity’.

8. Conclusions

The main hypothesis of this work is that including Planet 9 in the solar system
improves the coherence between SIM and SSN. This hypothesis was supported
by the demonstration that the important cycles in SSN, the ~2400 year Hallstatt,
the ~88 year Gleissberg, the ~60 year, and the 30 year cycles, emerged strongly
in SIM when Planet 9 was included in the calculation of SIM. This increase in
spectral content with Planet 9 included, c.f. Figure 9(a) and Figure 9(b), is im-
portant as it has been suggested, [82], that identifying the principal periodicities

observed in solar and climate variability is one of the two crucial tests of whether
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there is a planetary influence on the solar dynamo and the variation in solar ac-
tivity.

The possibility of prediction is an essential feature of the planetary hypothesis.
Extrapolating the results obtained in this paper into the future provides the fol-
lowing tentative predictions: The extrapolation of the variation of R4/ R,y in
Figure 1(b) to 2060, indicates that the next three Schwabe cycles will peak in
years 2026.8, 2038.5, and 2050.4. Extrapolating Figure 7 and Figure 18 forward
to 2200 indicates the next grand solar minimum will be centred on year 2140
and will be very strong, exceeding the strength of the Maunder Minimum. Ex-
trapolating Figure 10(a) forward by several thousand years indicates the next

minimum of the Hallstaat cycle will occur at around year 4000.
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